occurs by HFC/HCFC reacting with OH to yield CF3COX (X = F or C1), followed by in-cloud hydrolysis of CF3COX to form TFA. The TFA formed in the clouds may be reevaporated but is finally deposited onto the surface by washout or dry deposition. Concern has been expressed about the possible long-term accumulation of TFA in certain aquatic environments, pointing to the need to obtain information on the concentrations of TFA in rainwater over scales ranging from local to continental. Based on projected concentrations for HFC-134a, HCFC-124, and HCFC-123 of 80, 10, and 1 pptv in the year 2010, mass conservation arguments imply an annually averaged global concentration of 0.16 _g/L if washout were the only removal mechanism for TFA. We present 3-D simulations of the HFC/HCFC precursors of TFA that include the rates of formation and deposition of TFA based on assumcd future emissions. An established (GISS/Harvard/ UCI) but coarse-resolution (8°latitude by 10°longitude) chemical transport model was used. The annually averaged rainwater concentration of 0.12 _g/L (global) was calculated for the year 2010, when both washout and dry deposition are included as the loss mechanism for TFA from the atmosphere. For some large regions in midnorthern latitudes, values are larger, 0.15-0.20 gg/L. The highest monthly averaged rainwater concentrations of TFA for northern midlatitudes were calculated for the month of July, corresponding to 0.3-0.45 _g/L in parts of North America and Europe.
Recent laboratory experiments
have suggested that a substantial amount of vibrationally excited CF3CHFO is produced in the degradation of HFC-134a, decreasing the yicld of TFA from this compound by 60%. This decrease would reduce the calcuIated amounts of TFA in rainwater in the year 2010 by 26%, for the same projected concentrations of precursors.
Introduction
The long-lived fully halogenated organic compounds are being replaced by hydrofluorochlorocarbons (HCFCs) and hydrofluorocarbons (HFCs). Because of removal by rcaction with OH in the troposphere, smaller tropospheric accumulations for these chemicals are expected [World Meteorological Organization (WMO), 1990; [ntergovernmental Panel on Climate Change (IPCC), 1990; Rodriguez et al., 1993; Kanakidou et at., 1995] , leading to smaller global ozone depletion potentials and global warming indices. Another criterion for the acceptability of the substitute HCFCs/HFCs pertains to the impact of these compounds or their degradation products on eco_stems.
Trifluoroacetic (TFA; CF3COOH ) is produced from the atmospheric dcgradation of HFC-134a (CF3CH2F), HCFC-124 (CF3CHFCI), and HCFC-123 (CF3CHCIe). It is highly soluble in water and expected to be rcmovcd from the atmospherc mainly by washout. Globally averaged concentrations of TFA in rainwater (_g/L) r-rvA can be easily estimated from massbalance considerations.
Adopting molar yields for TFA of 33% yield from HFC-134a (see discussion in section 5.6 for impact Copyright 1998 by the American Geophysical Union.
Paper number 97JD02988. 0148-0227/98/97JD-02988509.00 of other possible yields) and 100% for HCFC-123 and 124, a global rainfall rate of 5 × 1017 L/yr ]Jaeger, 1983] and an emission scenario for the HCFC/HFCs provided by D. Hufford (1993) , the global average rTFA concentrations for the year 2010 is about 0.16 tzg/L, assuming that washout is the dominant loss mechanism for gas phase TFA.
Local rTv A values deviate from the global averages due to inhomogeneities in OH concentrations and precipitation rates, as well as the long-range transport of gas phase. TFA and its precursors. Evaluation of the impact of these processes requires models ranging in scales from global to regional. The global distribution of TFA in rainwater produced from HFC-134a alone has been previously studied with a two-dimensional (2-D) model [Roddguez et al., 1993] . Kanakidou et al. [1995] modeled the fate of a series of CFC replacements, including TFA precursors, with a 3-D model using monthly average wind fields and full chemistry.
In this paper we present the global distribution of TFA in the gas phase and in precipitation produced by the degradation of HFC-134a, HCFC-124, and HCFC-123 using a coarse grid chemical transport model (CTM), but including synoptic scale weather patterns, diurnal boundary layers, and wet and dry convective plume mixing processes derived from a general circulation model (GCM 
CF3CFHO --+ CF3 + HCOF (k3; s-'). "
Taking into account the possibility of prompt dissociation of CF3CHFO* in the atmosphere, the molar yield of CF3COF from degradation of HFC-134a is given by
where K(T) (cm -3) = (k3(T)/k2)). The rates k 2 and k 3 have been measured by Tuazon and Atkinson [ 1993] and Wallington et al. [1992] . The reported values of Wallington et al. [1992] agree with those of Tuazon and Atkinson [1993] 
Kt_(T) = 3.28 x 10'0"1.58 × 10 2s exp(3600/T) M = air density molecules/era _ F_ = 0.6
We can then express the production of CF3C(O)X at each model grid point using local steady state
where HCFC/HFC denotes HFC-134a or HCFC-124 ifX = F, and HCFC-123 if X -CI. The yields for HCFC-123 and HCFC-124 is I and that for HFC-134a is given in (4). 
Degradation of CF3C(O)X

Hydrolysis
where At is the hydrolysis time step used in the model,f(r, t)
is the fractional cloud volume in the grid, and K d is discussed below. A hydrolysis time step of 2 hours was used. We adopted (7) is calculated as follows: in the absence of mass transfer constraints the fraction of gas phase CF3C(O)X that reacts per unit time by dissolving and hydrolyzing in the cloud water is given by [Kanakidou et al., 1993; Freiberg and Schwartz, 1980] . [Carr et at., 1994] . Kanakidou et al. [1995] estimated that inclusion of this process would decrease the calculated TFA in rainwater (rawA) by at most 5%, and much less if a large fraction of the reevaporated anion takes the form of a salt. We have not included this process in our calculations.
Description of Model and Input Data
The 3 Figure  2 ): (1) the precursor HCFC/HFC, 
HFC-134a
- year Figure  4 . Emission scenario for the three TFA precursors used in the study [Hufford, 1993] .
of liquid water content and precipitation to estimate rates of hydrolysis and washout. The emissions of precursors between 1985 and 2010 were prescribed according to the scenario shown in Figure 4 , which predicts HFC-134a to be in wider use than HCFC-124 or et al., 1995; IPCC, 1996] . The sensitivity of the calculated rrvA to a 20% change in the OH fields is discussed in section 5.5.
A precipitation climatology based on a historical set of ob- 
Results
Concentrations and Distribution of Precursors
The calculated global average mixing ratios for HFC-134a, HCFC-124, and HCFC-123 between 1985 and 2010 are shown in Figure 5 . We obtain values of 80 pptv for HFC-134a, 9 124 for the year 2010 for the month of July. The southern hemisphere mixing ratios arc between 10 and 8 pptv for the winter months. Figure 8 shows the calculated surface distribution of HCFC-123 for the year 2010 for the months of July. HCFC-123 has a much shorter lifetime of 1.4 years, producing the largest gradients. The southern hemisphere mixing ratios are less than 1 ppt for July. et al., 1992; Tuazon and Atkinson, 1993] indicate that the yields of CF3COF from HCFC-124 and CF3COCI from HCFC-123 are close to 100% on mole basis, corresponding to 87 and 85% on a mass basis for 123 and 124, respectively. Figure 9 shows the calculated mass yields of CF3COF from HFC-134a as a function of latitude and height. Each latitude points represents an average value for all the longitudes in that latitude/altitude level. Small yields of (-0.2) near the surface increase to larger yields (-0.8) in the upper troposphere.
Distribution and Fate of CF3C(O)X
Kinetic data [Wallington
The calculated global-average mass yield of CF3COF from HFC-134a was 0.37.
The mass percentages of CF3C(O)X lost by the different processes are summarized in Table 2 . Cloud hydrolysis, the channel producing TFA, by far dominates all the CF3C(O)X degradation mechanisms. Tropospheric lifetimes of 2.6 and 2.1 days are calculated for CF3C(O)F and CF3C(O)CI, respectively. Figures 10a and 10b show the surface distribution of CF3COF and the zonal average latitude-height distribution of CF3COF, respectively, for the month of July for the year 2010. [1992] and a value of a = 1 in equation (4).
The surface distribution of CF3COF (Figure 10a ) shows higher mixing ratios in the tropical regions and near-source locations in western Europe and North America. The zonal mean cross section shows increasing mixing ratios with altitude. CF3COF in the lower and middle troposphere is rapidly removed by hydrolysis in clouds resulting in lower mixing ratios. Figures l la and l lb show the surface distribution of CF3COCI and its zonal average latitude-height distribution, respectively, for the month of July for the year 2010. The surface mixing ratio distribution of CF3COCI (Figure l la) again shows features similar to those of CF3COF, with maximum mixing ratios in near-source locations and in the subtropicaI regions. The zonal-mean cross section shows a similar behavior compared to CF3COF. The mixing ratios decrease with altitude in the tropical and mid-latitude region up to a height of 700 mbar, corresponding to the maxima in cloud cover fraction climatology adopted by us. At altitudes from 700 mbar to the tropopause levels the mixing ratios increase. At altitudes corresponding to the stratosphere in the model, the mixing ratios decrease again, as the photolytic loss of CF3COCI starts controlling its distribution.
Deposition and Rainwater Concentrations of TFA
We consider two parameters which could be of interest in evaluating the effect ofTFA on a given environment• These are (1) the deposition fluxes (mass/unit area) of TFA at a given location and (2) the concentration of TFA in rainwater (rTVA). The deposition fluxes could be a useful input for estimates of accumulations of TFA over an extended period of time, particularly if we are interested in evaluating the input to a large stable water reservoir or soil. Concentrations of TFA in rainwater are more pertinent to evaluate the concentrations in "seasonal" water bodies produced each year exclusively by local rainfall and whose content is wholly determined by yearly rainfall and possible year-tozyear accumulation [Tromp et al., 1995] . et al., 1993] . This is not the case for the zonal a_mmetries that show up in this CTM calculation. The annual average ratio of maximum r rVA concentration obtained in a grid box to the global average r rv A concentration of 0.12 txg/L
for the year 2010 can be obtained from Figure  14 . The maximum asymmetry is of the order of 2.5 and is obtained in western Asia. Concentrations in most of North America and southern Europe are up to a factor of 1.5 higher than the global average. In southern United States the r.rv A concentrations are up to a factor 2 higher than the global average concentrations.
As a reference, Figure  I5 shows the annual average rainfall amounts used in the simulation, scaled by the global mean and then inverted.
In the absence of transport we would expect that the asymmetries in rTF A would correlate to those in Figure 15 . This is illustrated in Figure 16 , which shows the calculated rTv g concentrations awmmetries for a case in which the transport of TFA and CF3COX was switched off. Figure  17 . The data were binned by the amount of rainfall received in ram/month. The vertical axis shows the concentrations of rTv A in txgFL. Although the median rvv A is fairly constant around 0.12 _g/L for all the bins, the range in the rTv A concentrations at low levels of rainfall is larger compared to the bins with larger rainfall amounts. This reflects primarily the impact of transport when local removal time constants become small. We can thus expect the largest uncertainty in the calculation in regions, where many of the seasonal water bodies of concern arc located. In these cases, resolution of synoptic variability in the transport is ncccssary for a better estimate.
5.
Discussion of Uncertainties We studied the ratio of rTva obtained for the continuous rainfall case to a case where rain occurs once every 7 days for one full day. This is an extreme case. calculated-global-averaged TFA concentrations in rainwater will decrease by 26%, i.e., from 0.12 to 0.09 txg/L.
Conclusions
We have carried out simulations of the degradation of HFC-134a and HCFC-123 and HCFC-124, with emphasis on the production of TFA and its concentration in rainwater. The complicated degradation schemes for these precursors have been considerably simplified, taking advantage of the fact of the short chemical time constants of most intermediate species.
We tested the sensitivity of the calculated rainwater concentration of TFA (rTFA) to various parameterizations and approximations adopted in the model. Our limited sensitivity studies suggest that these approximations would not have a greater than 30% effect on the calculated rTv A.
Annual average r-rr A concentrations in the range of 0.15-0.2 pg/L were obtained for the year 2010 in the northern midlatitudes. The calculated rTv A concentrations in July 2010 in parts of North America and southern Europe were found to be 0.3-0.45/.Lg/L. Inclusion of a reduced yield for TFA formation from HFC-134a, suggested by Wallington et al. [1996] , will reduce these numbers 26%. Dry deposition fluxes are on average about 20% of the wet deposition and about equal for and regions. In the absence of soil sinks, dry deposition could also contribute to accumulations in groundwater and seasonal water bodies. Assessment of this contribution would require a detailed hydrological model for the catch basins of interest.
Our simulations show the crucial role played by long-range zonal transport of gas phase TFA and CF3C(O)X in smoothing out the chemical impact of asymmetries in the OH and rainfall fields. Transport effects become important when advective time constants become comparable to those of other transformation and deposition processes, a condition that is true most everywhere for gas phase TFA. Thus in spite of the short time constants for hydrolysis and washout, simulation of the TFA distribution does require use of three-dimensional models. Transport processes are particularly important in regions, where removal rates arc slower. Our results show that these regions exhibit the largest variance in the calculated rTFA.
The results presented here can be tested as measurements of TFA, and its precursors become available. The calculated mixing ratios of HCFC-124 and HCFC-123 for NH are 1.96 and 0.21, and global averages are 1.56 and 0.14 pptv, respectively, for July 1995. For the 1995 conditions the contributions of the three precursors to the total rTFA in western Europe (0.014 txg/L) break down as follows: 57% from HCFC-124, 27% from HCFC-123, and 16% from HFC-134a. Thus in the short term the greatest impact on r-rvA could be from shorter-lived HCFC-124 and HCFC-123, and it is advisable to monitor their emissions.
Measurements
of HFC-134a, starting from the year 1990 to 1995, were reported by Montzka et al. [1996] and Oram et al. [1996] . Montzka et al. [1996] report a mixing ratio of 2.33 pptv in the NH, 1.13 in the SH, and a global average mixing ratio of 1.73 pptv for the beginning of July 1995. The model-calculated mixing ratios for this period are 3.4 pptv for the NH, 1.48 pptv for the SH, and a global average of 2.44 pptv. This discrepancy is a reflection of the fact that this study used projected rather than actual emissions for this compound for the period of interest.
Measurements of TFA in natural water bodies and rainwater in the western United States were reported by Zehavi and
Sieber [1996] . It is difficult to compare their measurements for natural waters, since we have not carried out a detailed study of the local chemistry, transport, and hydrology. Measured rainwater concentrations range from 0.03 to 0.09/xg/L, a factor of 2-6 larger than our calculated values for the western United States in 1995 (0.015 tzg/L). Measurements of rTVA have been made at two locations in western Europe [Frank et al., 1996] . The measured rTVA is in the range of 0.025-0.28 txg/L for the year 1995 at Bayreuth, Germany, and in the range of 0.04-0.08 _tg/L at Zurich and Alpthal, Switzerland. The mean rl"VA for all the measurements is 0.1 tzg/L. The measured gas phase concentrations of TFA are of the order of 0.01 pptv. The gas phase TFA mixing ratios calculated in the present study are in the range of 0.007-0.005 pptv for western Europe for the year 1995. The calculated annual average rT-FAfor the year 1995 is 0.014 tzg/L in western Europe. These numbers would have to be rescaled when measurements of the precursors are available. In the case of HC 134a, this would imply a contribution of 0.0015 txg/Liter, based on the measurements of Montzka et al. [1995] . Although no measurements for HCFC 123 and HFC 124 are available, it is doubtful that the actual concentrations are higher than the calculated concentrations.
The higher rTFA concentrations measured could be due to additional unknown sources as suggested by Frank et al. [1996] . We note, however, that given the limited number of samples collected and the large variability of the measurements, the reported concentrations cannot be considered a true mean for the region (i.e., our coarse grid box). Great caution should be exercised in comparing the calculated grid average concentrations and global average concentrations of rTFA to a small number of local measurements.
Given the sensitivity of the calculated present-day rrvA to the amount HCFC-124 and HCFC-123 emitted, it would be of great value to measure these compounds in the atmosphere. A monitoring program for the concentrations of TFA and its precursors could help ascertain the actual variability of the rainwater concentrations. 
